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Abstract Several methods are available for estimating
heritability in disomic species, including parent-off-
spring regression, realized heritability, intraclass correla
tions of recombinant inbred lines, and diallel-cross anal-
ysis. Estimates were obtained by these various methods
for a set of eight bread wheat (Triticum aestivum) lines
adapted to the East African highlands, which had been
intercrossed and selfed in a half-diallel arrangement to
give F;, F, and F; generations, and Fg recombinant in-
bred lines. Significant genetic variation existed among
parents and crosses for both grain yield and yellow rust
resistance in all generations. Based on the heritability
calculated from the analysis of Fgz recombinant inbred
lines, analysis of the F, diallel crosses was recommended
for determining the heritability of both characters in ear-
ly segregating generations. The results also suggest that
a form of tandem selection may be effective in develop-
ing locally adapted germplasm which combines high
grain yield with yellow rust resistance.
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Introduction

Plant breeders work with continuously varying or quanti-
tative characters, which are controlled by genes whose in-
dividual effects are too small to be detected by conven-
tional Mendelian analysis. Hence, the properties and ac-
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tions of these genes have to be inferred from analyses of
the means and variances of appropriate generations or
populations (Mather and Jinks 1982; Falconer and
Mackay 1996; Kearsey and Pooni 1996; Hill et al. 1998).
Information obtained from these analyses can be used to
determine in which generation selection should be practi-
sed; what the consequences of inbreeding are; what the
genetic basis of heterosisis, and whether inbred or hybrid
cultivars should be developed? Thus, if a particular char-
acter is controlled by recessive genes, selection should be
delayed until the generations are more homozygous. If
heritability is low then either increased replication is re-
quired, or else selection for a correlated character may be
practised to increase the chances of identifying superior
genotypes (Hill et al. 1999). Dispersion of unidirectional-
ly dominant genes among parental lines, leading to better
parent heterosis for the character in the F,, could be ex-
ploited by developing hybrid cultivars. This strategy
could also be used during the initial phase of a breeding
programme designed to identify those crosses from which
a high proportion of superior recombinant inbred lines are
expected (Lawrence and Senadhira 1998).

Different mating designs have been suggested for cal-
culating the heritability of populations derived from in-
bred lines in disomic hexaploid wheat (Triticum aes-
tivum). Parent-offspring regression and diallel crosses
are among the most popular. Alternatively, realized heri-
tability and intraclass correlations, calculated from re-
combinant inbred lines derived by single-seed descent,
may be used. This paper compares these methods of cal-
culating the heritability of grain yield and resistance to
yellow rust, caused by Puccinia striiformis Westend., in
bread wheat germplasm adapted to the East African
highlands.

Materials and methods

Eight wheat lines were selected as parents for this experiment on
the basis of their grain yield and resistance to yellow rust at
Kalengyere, a high-rust site in the south western highlands of
Uganda (Table 1). These eight lines were crossed in a half-diallel
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Table 1 Mean yellow rust cofficient of infection (Cl) and grain yield

(g m=2) of the eight parental lines

Code Parent name/pedigree Cl Grainyield
1 BURI 0.25 130.00
CM58340-A-1Y-2M-2Y-0M
2 K. CHIRIKU 0.20 103.67
K. TEMBO/CARPINTERO"S’
3 ESDA/LIRA 0.00 150.87
CM78428-017M-013M-013Y-03AL-3Y-3AL-0Y
4 VEE"S"/JUP73/[EMU"S"/IGJO"S" 5.00 131.90
CM 74465-05AP-300AP-4AP-300AL-0AP
5 ATTILA 19.50 91.77
CM85836-4Y-0M-0Y-OPZ
6 CY8801 45.00 53.00
7 F60314.76/4CNO76/7C//KAL/BB/3/PC1"S'/5/CNO79 35.00 16.63
8 CARB853/COC/IVEE"S'/3/[E7T408/PAM" S'/THORK"S"/PF73226 70.00 4.83
Mean sgquare 143.32 861.25
error
Table2 Meansfor yellow rust o
coefficient of infectiyon (Clyand Cross Yellow rust (CI) Grainyield (g m?)
rainyield (g m=2) for F,, F,,
lg:3 ang Fs si(r?glehszaed descent F F Fs FeSSD F Fa Fs FeSSD
lines (SSD) of an 8x8 half dial-
1x3 (21)a 2.15 2.38 114 24.44 163.27 1804 164.0 55.90
1x4 1.10 2.77 1.33 97.15 1258 153.5
1x5 (11) 2.10 3.47 14.96 36.86 9553 79.0 106.2 33.65
1x6 (14) 3.00 491 321 9.98 94.60 123.7 111.2 75.21
1x7 (12) 4.00 6.36 9.47 6.80 66.30 57.2 62.4  119.57
1x8 12.00 17.44 8.93 5437 573 425
2x3 (13) 0.10 0.05 323 1459 112.07 1325 155.2 83.09
2x4 (19) 1.90 2.07 0.96 0.88 7418 823 97.0 101.92
2x5 (16) 1.40 440 1230 18.00 97.67 110.3 102.4 69.65
2%6 (12) 1.40 8.12 6.78 1556 162.03 127.2 128.8 74.20
2x7 (11) 2.00 10.27 17.30 19.65 118.70 804 40.1 96.40
2x8 (10) 3.00 10.20 0.60 22.59 115.27 109.4 98.3 62.41
3x4(11) 0.20 2.87 2.09 0.62 33400 848 176.2 13187
3x5(31) 0.60 1.97 7.03 17.24 18347 894 82.8 95.17
3x6 (12) 1.20 8.31 5.95 517 14353 175.6 1244 108.14
3x7 (10) 0.50 6.13 7.06 50.24 129.70 129.8 111.4 2191
3x8 (11) 0.50 6.65 0.20 1.42 190.80 759 160.6 93.40
4x5 (12) 38.00 17.20 9.77 16.86 108.33 95.0 122.0 81.29
4x6 (15) 9.41 7.01 7.40 9.67 151.10 69.0 90.6 92.34
4x7 (17) 45.04 13.52 10.77 9.74 63.60 47.3 94.1 94.43
4x8 (10) 23.00 37.39 43.57 2.39 57.27 433 53.3 14242
5%6 (11) 30.00 1254 10.00 29.01 58.23 66.4 55.5 40.34
5x7 23.00 2864 9.10 7277 385 29.7
5x8 70.00 23.92 22.70 2570 529 66.4
6x7 70.00 49.13 52.07 27.73 38.6 10.7
6x8 50.00 3242 15.86 5450 628 65.5
. 7%8 70.00 46.81 9.00 1053 65.0 36.4
aNumber of F¢SSD lines per Mean square 9865 7160 3192 195511 79570  1020.80

cross combination indicated in - grror

brackets

mating design to produce 28 F; hybrids. Reciprocals were not in-
cluded because neither maternal effects nor reciprocal differences
affected either character significantly at the test site (Wagoire et
al. 19983, b). These 28 F;s were selfed to obtain the correspond-
ing F, populations. Similarly, random plants from each F, popula-
tion were selfed and the seed bulked to produce the F; generation
for each of the 28 cross combinations. A total of 279 Fg recombi-
nant inbred lines (RILs) were derived from 20 of the 28 possible
cross combinations after selfing individual plants for five genera-
tions using the single-seed descent (SSD) method (Brim 1982).
The number of RILs per cross combination ranged from 10 to 31.
Although the RILs were developed in a rust-free environment,
most of the missing lines were from crosses in which at least one
parent was susceptible to yellow rust (Table 2).

The experiment was conducted at Kalengyere, located 2460 m
above sea level, which has an annual temperature of 16°C, and an
average rainfall of 750 mm during the trial period. The soil at the
experimental site was an andosol with apH of 5.7. A randomized
complete block design with two replications was used for this tri-
a. Spacing between plants within plots was 0.15 m, while nitro-
gen was applied at planting at arate of 50 kg hat.

Yellow rust was scored on the flag leaf of individua plants
when the severity on the most susceptible parent was about 100%,
i.e. most of the leaf surface was covered with uredinia. The modi-
fied Cobb scale (Peterson et al. 1948) was used for scoring the per-
centage of possible tissue rusted (disease severity). Host-
response to infection was scored using T (=0.1) for immune plants;
R (=0.2) for resistant plants showing miniature uredinia; MR



Table 3 Mean squaresfor F,, F,, and F; generations using Griffing's diallel-analysis method

Source of variation df  Yellow rust Grainyield (gm™1)
I:1 I:2 FS Fl F2 F3
Replications 1 391.91 173.76 194.16 16,167.01** 3,240.13 1,641.65
Genotypes 35 713.81*** 593.02*** 538.82*** 8,162.78*** 4,105.32*** 4,359.39***
GCA 7 2,741.98***  2,282.60***  1,324.80*** 23,993.48***  15202.26***  15,490.72***
SCA 28 206.78 170.62 342.32+* 4,205.10*** 1,331.10 1,576.56
Error 35 69.52 88.54 57.47 1,671.67 843.95 1,054.28
Narrow-sense heritability 0.60 0.63 0.30 0.37 0.60 0.57
Table 4 Narrow-sense herita- . o >
bility calculated by parent-off- Parent-offspring Yellow rust (CI) Grainyield (gm=2)
spring regression; b=regression
slope, r=coefficient correlation b r b r
Pi-F; 1.013+£0.207*** 0.693 1.283+0.284*** 0.664
F—F, 0.493+0.061*** 0.844 0.290+0.106*** 0.471
F—F; 0.633+0.110*** 0.730 0.779+0.153*** 0.706

Table 5 Narrow-sense heritability based on response to a hypo-
thetical selection intensity of 20%

Generation Yellow rust (Cl) Grainyield (gm=2
F, 0.484 0.403
F; 0.664 0.861

(=0.4) for moderately resistant plants exhibiting small uredinia; MS
(=0.8) for moderately susceptible plants with moderate sized ure-
dinia (smaller than the fully susceptible type); and S (=1) for fully
susceptible plants. Disease severity and host response scores were
multiplied together to give the coefficient of infection (C.1.) for da-
ta analysis. Whole plots were hand-harvested, threshed, cleaned,
sun-dried and the grain weighed at approximately 12% moisture
content. Plot grain yields were expressed asg m—=2.

Analyses of variance were carried out on plot means for both
characters. Parent-offspring regressions and correlations were cal-
culated as indicated by Nyquist (1991) or Falconer and Mackay
(1996). Heritability was also estimated on an entry mean basis, us-
ing the dialel analysis of Griffing (experimental method 2, 1956),
and from the intraclass correlation after a nested analysis of vari-
ance of the Fg RIL (Kearsey and Pooni 1996). Realized heritability
(RH) was calculated as the mean difference between the highest
and lowest crosses in each generation, divided by the correspond-
ing mean difference in the previous generation (Fehr 1987). Thus,
for F,-F,, the difference between these crosses in the F; would be
equivalent to the selection differential (S), the same difference in
the F, being equivalent to the response to selection (R). The hypo-
thetical intensity of selection used to calculate RH in these simula-
tions was 20%.

Results

Significant differences existed among genotypes within
all generations for both host response to yellow rust and
grain yield (Tables 2 and 3). Diallel analysis confirmed
the significance of general combining ability (GCA) for
both characters in this germplasm. Specific combining
ability (SCA) was only significant for yellow rust resis-
tance in the F; generation and grain yield in the Fy,
which would explain the low narrow-sense heritabilities
recorded in these generations (Table 3).

Parent-offspring regressions were highly significant
for both yellow rust resistance and grain yield in the
three consecutive generations (Table 4). They were not
significant for either character between the F; generation
means and the mean of the RILs derived from the same
cross (data not shown). Realized heritability was higher
for yellow rust than for grain yield for the F,-F; simulat-
ed selection, while the reverse was true for the Fs-F,
simulated selection (Table 5).

Significant differences existed among and within
those 20 crosses with RILs for both yellow rust and
grain yield (Table 6). The most-resistant RIL population
was derived from a cross between the most-resistant line
(Esda/Lira, 0% yellow rust) and the partially resistant
line 4 (5% yellow rust). Similarly, the RIL with the high-
est mean grain yield arose from a cross between the par-
tially resistant line 4 and the most-susceptible line 8
(70% yellow rust), which demonstrates the feasibility of
transferring an adequate level of yellow rust resistance
(2.4%) by conventional cross breeding. The highest-
yielding individual RIL (283 g m=2) was derived from
the cross between Esda/Liraand line 4.

Discussion

The heritability of a given trait depends on the material
under test, the environment in which the material is be-
ing grown, and the experimental unit — plant, plot or rep-
licated trial — used to measure the phenotypic expression
of the trait (Hill et al. 1998). As Hanson (1963) points
out, heritability is that ‘fraction of the selection differen-
tial expected to be gained when selection is practised on
a defined reference unit’. The resultant estimates may
have large errors associated with them. Consequently,
published estimates of heritability for the same trait in
the same crop may differ widely. Nevertheless, as a con-
cept heritability can supply plant breeders with useful in-
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Table 6 Hierarchia analysis of

variance of Fg single-seed de- ~ Source of variation

Yellow rust (CI)

Grainyield (gm2)

scent lines

df MS df MS
Replications 1 2,293.725*** 1 81,846.190* **
Genotypes 278 801.115*** 278 6,877.580***
Crosses 19 3,763.270%** 19 21,953.834**
FsSSD/crosses 259 583.813*** 259 5,771.649**
Error 277 108.996 272 2,181.120
Variance between crosses 114.740 583.984
Variance among SSD within crosses 237.408 1,695.224
Intraclass correlation 0.326 0.257
Narrow-sense heritability 0.652 0.515

formation about the selection potential of their material,
but it can be both misunderstood and misused.

Estimates of heritability calculated from midparent-F;
offspring regression were not significantly different from
1 in this experiment for either yellow rust or grain yield
(Table 4). This method of determining heritability may
be biased, however, because of environmental covarianc-
es (Falconer and Mackay 1996). When parents and off-
spring are tested together in the same experiment, their
covariance depends not only on the covariance between
genotype and environment, but also on the environmen-
tal covariance between parent and offspring (Vogel et al.
1980). The covariance between genotype and environ-
ment may be zero if the parents and offspring are ran-
domized independently, but the environmental covari-
ance remains as a source for inflating these estimates of
heritability. Furthermore, non-zero genotype-environ-
ment interactions also affect heritability estimates when
parents and offspring are assessed in the same environ-
ment (Casler 1982). Estimates of heritability calculated
from parent-offspring regression may therefore be inflat-
ed, and this will give rise to misguided optimism when
calculating the genetic advance expected through selec-
tion. Frey and Horner (1957) suggest parent-offspring
correlation as an aternative for computing heritability.
But as Falconer and Mackay (1996) point out this corre-
lation may be affected by the number of parents and off-
spring, and, unlike the regression slope, the correlation
bears no simple relationship to the causal components of
variance.

It is of interest to compare heritability estimated from
Fs RIL, when genotypes are aimost homozygous, with
estimates from the early, heterozygous generations in the
selfing series. Thus, an estimate obtained from the intra-
class correlation of the Fg SSD RIL for yellow rust (Ta-
ble 6) is very similar to that calculated from the analysis
of F; and F, diallel crosses (Table 3), and F,-F; realized
heritability (Table 5). Furthermore, heritability for grain
yield in the Fg; SSD RIL is not significantly different
from estimates calculated from the analysis of F, and F5
diallel crosses. These results suggest that heritability es-
timated from an F, diallel is as reliable as those from
other generations, especially those affected by signifi-
cant specific combining-ability effects, for example,
grain yield in the F;, or the shift towards yellow rust re-
sistance in the F; generation derived from some crosses

between susceptible parents (Table 2). Use of the F, gen-
eration may aso alleviate those problems arising from
insufficient F; seed and enable replicated trials across o-
cations to be conducted (Christie and Shattuk 1992).
Jinks (1956) provides an in-depth analysis of an F, dial-
lel cross.

Estimates of heritability calculated from selection ex-
periments are referred to as realized heritability (RH),
because they measure directly the expected response to a
given selection intensity. Furthermore, a comparison of
RH with other methods of calculating heritability allows
potential bias in this calculation to be detected. As indi-
cated by Falconer and Mackay (1996), RH may provide
a biased heritability estimate for a population because of
changes unrelated to selection in the reference popula-
tion, such as systematic shifts due to environmental ef-
fects, inbreeding depression, or random drift. The values
shown in Table 5, suggest that this may have happened
for the F,-F; RH, and for grain yield in the F;-F, RH.
Overdl, however, the various estimates of heritability
obtained here might be considered rather high, and are
perhaps not typical of elite plant-breeding material. This
result is due to the large variation exhibited by the paren-
tal lines for both characters (Table 1), which stems from
the need to use a broad-based population as the source
material, while conducting the trial at a high rust site
merely accentuates the parental differences (Wagoire et
al. 1999).

In the highlands of Uganda, yield loss resulting from
yellow rust alone has been calculated to be 25% (Wago-
ireet a. 1998a). Yellow rust may be easily scored on in-
dividual plants, while the assessment of grain yield re-
quires larger plots and is more time-consuming. More-
over, earlier work has aready established that at Kal-
engyere indirect selection for yield via improved yellow
rust resistance may be more effective than direct selec-
tion for yield itself (Hill et a. 1999). Thus a tandem se-
lection scheme could be practised, whereby individual F,
plants resistant to yellow rust are selected as parents for
the development of an Fg SSD RIL, particularly when
such individuals are islands of resistance in a sea of sus-
ceptibility. These RILs may then be evaluated for grain
yield in replicated trials. Genotypes combining high
yield with yellow rust resistance could be tested further
in multilocational trials, with a view to developing bread
wheat cultivars adapted to the East African highlands.



An off-season nursery could be used to produce these
RILs, thereby saving time and associated labour costs.
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